Previous work with the fluorescent Ca probe chlorotetracycline (CTC) showed that salinity displaces Ca from membranes of root cells. Using a variety of indirect approaches, we studied whether salinity displaces Ca from the cell surface or from internal membranes of corn (Zea mays L. cv Pioneer 3377) root protoplasts. Preloading the cells with supplemental Ca counteracted subsequent NaCl effects on CTC fluorescence. CTC quenching by exogenous EGTA was not competitive with CTC quenching by NaCI. The Ca channel reagent (+ )-202-791 had significant interactions with the effect of NaCI on CTC fluorescence. The effect of NaCI on CTC fluorescence was attenuated by pretreatment with Li, but was restored by inositol. Salinity increased Na influx, decreased Ca influx, and increased Ca efflux from the cells. Fluorescence anisotropy indicated that NaCl decreased the fluidity of the external face of the plasmalemma but increased the fluidity of cell membranes in general. Our results suggest that salinity displaces Ca associated with intracellular membranes through activation of the phosphoinositide system and depletion of intracellular Ca pools.
Ca is an important factor in the resistance of plants to salinity (9, 13, 15) . LaHaye and Epstein (15) proposed that the protective effect of Ca in salinized plants was due to its role in maintaining membrane integrity and suggested that one of the primary effects of salinity is a disruption of membrane integrity caused by displacement of Ca from the cell surface by Na. Direct evidence for displacement of membrane-associated Ca by Na was reported by Cramer et al. (6) in root hairs of salinized cotton seedlings. These authors used the fluorescent Ca probe CTC3 to measure membrane-associated Ca. In agreement with LaHaye and Epstein's hypothesis, Cramer et al. found that high concentrations of Na displaced Ca from a membrane they identified as the plasmalemma and that at high NaCl concentrations this displacement was correlated with increased leakage of K (86Rb) from the roots. We subsequently found that salinity also displaced membrane-associated Ca in corn root protoplasts, demonstrating that the effect of NaCl was not dependent on apoplasmic Ca (17) .
One of the limitations of CTC in this context is that the molecule is ambiphilic and readily permeates all cell membranes, of which the cell surface comprises only a small fraction. Furthermore, in small membrane-bound compartments CTC fluorescence is responsive to free Ca activity (8, 16) . Therefore, a re- ' Supported by National Science Foundation grant DMB84-04442. University of California, Davis, California 95616 duction in CTC fluorescence by NaCl may be caused by changes in intracellular Ca pools instead of (or as well as) displacement of Ca from the surface of the plasmalemma.
The objective of this research was to determine whether the effect of NaCl on membrane-associated Ca is predominantly intracellular or at the cell surface.
MATERIALS AND METHODS
Plant Material. Untreated commercial corn (Zea mays L. cv Pioneer 3377) seeds were germinated for 60 h as described previously (17) .
Protoplast Isolation. Protoplasts were isolated from the cortex of the primary roots after the method of Gronwald and Leonard (10) as described previously (17) , with the exception that Wor- where I is fluorescence intensity, the first subscript refers to the orientation of the excitation polarizing filter (v is vertical, h is horizontal), the second subscript refers to the orientation of the emission polarizing filter, and G is the grating factor calculated as LAIWhh Ion Flux Studies. For determination of ion flux, protoplasts were exposed to radiolabeled treatment solutions (45Ca or 22Na from ICN) for various times before centrifugation through a layer of silicon oil to separate the protoplasts from the treatment solutions. For centrifugation, 100 ul of protoplast suspension having a density of 1.0472 g-ml-1 was placed on top of 50 ,ul silicon oil at 1.0512 g ml-I (made by mixing Dow Corning fluids 556 and 550), which in turn was on top of MBNS with 0.02 g-ml-l metrizamide (Sigma) at a density of 1.0672 g-ml -l, all contained in 400 ,ul Beckman microfuge tubes. Ca accumulation by protoplasts over short time intervals includes significant passive adsorption onto the cell surface (1) . To correct for this surface binding, some tubes included 10 ,ul of 5 mM EGTA immediately on top of the oil layer to strip off bound Ca during pelleting. At the desired time the tubes were spun at 2713g for 30 s on a Beckman Microfuge II. The tubes were then frozen in a dry ice/ ethanol bath and the bottom of the tube was cut off and collected for scintillation counting (Beckman EP single phase gel counted on a TriCarb 300C liquid scintillation spectrometer). For estimation of ion efflux, protoplasts were exposed to radiolabeled suspension media for 1 h then washed twice in unlabeled solution by centrifugation at 150g for 5 min. Subsequent loss of label was observed by measuring radiolabel content of the protoplasts over time as described above.
Statistical Analysis. Data were evaluated using repeated measures and unbalanced multiple analysis of variance (21) .
RESULTS AND DISCUSSION CTC Studies. Preloading the protoplasts with increasing concentrations of Ca ameliorated the subsequent effect of NaCl on PCF (Table I ). This suggests that NaCl treatment interacts with internal Ca, since Ca at the protoplast surface would rapidly equilibrate with the Ca activity in the external solution regardless of Ca pretreatment.
In a previous report (7) , similar effects of EGTA and NaCl on CTC fluorescence in cotton root hairs were interpreted as evidence that NaCl acted at the cell surface. In corn root protoplasts, EGTA and NaCl are additive, not competitive, in quenching PCF (Fig. 1) . If we assume that the effect of EGTA is restricted to the cell surface, these data are evidence for either separate sites of action for NaCl and EGTA at the cell surface or an intracellular site of action for NaCl.
The stereoisomers of the dihydropyridine derivative 202-791 have opposite effects on the plasma membrane Ca channel: the ( + ) enantiomer enhances Ca entry into the cell whereas the ( -) enantiomer blocks Ca entry through the Ca channel (4, 12) . Comparison of the effects of the two isomers should supply information about intracellular Ca while correcting for artifacts arising from secondary (and presumably less geometrically de- manding) effects of 202-791 addition. The (-) isomer had no interaction with NaCl treatment, but the (+) isomer had significant interactions with the NaCl effect (Table II) . At 0.1 mNi Ca, the (+) isomer intensified the effect of NaCl on PCF, while at 2.6 mm Ca, the (+) isomer eliminated the NaCl effect and in fact increased PCF (Table IL) . The significant interaction between (+ )-202-791 and NaCl treatments is evidence for an intracellular site of action for NaCl, since (+)-202-791 primarily affects intracellular Ca. At low Ca the (+) isomer may enhance the NaCl effect by allowing increased Ca efflux (see discussion below), while at high Ca this effect may be counterbalanced by increased Ca entry into intracellular compartments.
Li interacts with intracellular Ca by inhibiting inositol scavenging needed for regeneration of phosphoinositides that regulate Ca release from intracellular pools (2, 5) . Table III shows that Li pretreatment ameliorates the effect of subsequent NaCl treatment on PCF. As predicted, exogenous inositol restores the NaCl effect (Table III) . This is evidence that NaCl releases Ca from intracellular pools by triggering the phosphoinositide regulatory system.
The interpretation of CTC fluorescence is complicated by the solubility of CTC in both polar and nonpolar solvents, and the resulting uncertainty as to the origin of the fluorescence signal. The utility of the probe for studies of membrane-associated Ca would be enhanced considerably if it could be attached to a C16 or C18 alkyl chain that would anchor it at the surface of the exposed membrane. An additional shortcoming of CTC is potential interference from Mg-CTC binding and fluorescence, although the wavelengths used here should optimize the Ca-CTC signal.
Ion Flux Studies. Total Ca accumulation (absorption plus sur- (Fig. 2) . High NaCl concentrations significantly reduced Ca absorption (Fig. 2) , largely by increasing apparent K,,, (data not shown). Reduced Ca influx would contribute to reduced PCF from intracellular membranes. NaCl treatment substantially increased Ca efflux, especially at low external Ca concentrations (Table IV) . Increased Ca efflux from salinized protoplasts, in conjunction with decreased Ca influx, would alter intracellular Ca status. Reduced Ca availability in intracellular Ca pools may account for the effect of NaCl on PCF.
NaCl treatment substantially increased Na accumulation by the protoplasts (Fig. 3) . Na accumulation was observed at both control and saline NaCl concentrations, but was 3 orders of magnitude higher at saline than at control levels ( 12 ,500 protoplasts at the indicated time after 22Na-labeled treatment application. Each point is the mean of 4 replicates, with SE indicated by the vertical bars. The effects of Ca concentration, NaCl concentration, and the interaction of Ca and NaCl concentration on Na accumulation were all very highly significant (P < 0.0001).
min, high Ca concentration reduced Na uptake by the protoplasts at both NaCl concentrations (Fig. 3) . Increased Na entry into the cells after salinization would permit direct interaction of Na and Ca at intracellular sites.
Membrane Fluidity Studies. Steady state fluorescence polarization, as measured here, does not provide a precise estimate of actual microviscosity, because of anisotropic probe tumbling as well as possible interactions of membrane fluidity and fluorescence lifetimes. The present data are provided as correlates of actual membrane fluidity for comparative purposes.
Total cell membrane fluidity was stable over 30 min of observation following DPH loading (Fig. 4) . As expected, high external Ca concentrations slightly reduced membrane fluidity over time (i.e. increased fluorescence anisotropy) probably as a result of enhanced Ca uptake (Fig. 2) and consequent enhanced interaction with (stabilization of) intracellular membranes. Salinization significantly increased membrane fluidity, and fluidity increased further over time (Fig. 4) . The combination of high external NaCl and Ca concentrations caused the greatest increase in fluidity (Fig. 4) , which, as in Table II , may indicate changes in intracellular compartmentation of Ca. In contrast to total cell membrane fluidity, the fluidity of the external face of the plasmalemma was slightly yet significantly reduced by salinity (Table  V) . We verified that TMA-DPH was restricted to the cell surface by directly observing TMA-DPH fluorescence (Fig. 5) . To the extent that changes in membrane fluidity reflect changes in Ca binding (11) , these data are evidence for displacement of Ca from intracellular membranes by NaCl. The decreased fluidity of the cell surface of salinized protoplasts may result from the effects of increased ionic strength on the interaction of charged membrane components or from slight volumetric contraction caused by solute loss (3). Any Ca displacement from the cell surface was not great enough to increase plasmalemma fluidity.
Interpretation. Our data provide indirect but consistent evidence from a variety of experimental approaches that salinity disturbs intracellular Ca. Although salinity may also interact with toplasts indicates that the effects of NaCl and EGTA are additive, not competitive. As discussed above, a number of other experimental treatments produce responses that are not consistent with salinity acting at the cell surface. This is perhaps to be expected since the plasmalemma represents only a small fraction of the total cell membranes, many of which are involved in Ca transport (11) . In particular, the ER is a large dynamic pool of intracellular Ca that is sensitive to exogenous membrane agonists (2). Our observation that exogenous Li and inositol can modulate the response to salinity is evidence that salinity triggers Ca release from the ER through the phosphoinositide system. Although Ca displacement at the cell surface may not account for the quenching of PCF by salinity, it may contribute to the initial plasmalemma perturbation that leads to subsequent effects on intracellular Ca. That such perturbation is not merely physical disruption of the bilayer is suggested by our observation that treatments of up to 1 h with 100 mm NaCl and/or 10 mM EGTA did not increase plasmalemma permeability to Evans blue vital stain (data not shown).
On the basis of our results we propose the hypothetical model of salinity effects on cellular Ca shown in Figure 6 . Salinity causes some plasmalemma perturbation [1] , perhaps by ionic strength effects on the interaction of charged membrane components, Ca displacement, or specific effects on membrane receptors. The observation that the effect of high salt concentration on PCF is not dependent on the chemical identity of the cation or anion (17) is possible evidence for the importance of ionic strength in perturbing the plasmalemma. Plasmalemma perturbation results in release of a phosphoinositide that stimulates Ca release from the ER [2] . Consequent increased cytosolic Ca activity increases Ca efflux from the plasmalemma [3] . Salinity reduces Ca entry into the cell [4] , perhaps by ionic strength effects on Ca activity (7) . Salinity increases Na entry into the cell [5] , permitting direct intracellular interference with Ca pools such as competitive inhibition of Ca pumps and displacement of Ca associated with internal membranes [6] . Reduced Ca availability in the intracellular pools results in increased fluidity of intracellular membranes, and reduced CTC fluorescence. Supplemental extracellular Ca ameliorates the effect of salinity by increasing Ca entry [4] and reducing Na entry [5] , as well as by appearing to have specific interactions with intracellular Ca that are beyond the scope of this paper (for example, it has been proposed that Ca availability qualitatively alters the relationship between ER Ca and extracellular treatments ((19] in a way that may account for our 202-791 data).
This model predicts that salinity activates the polyphosphoinositide regulatory system and disturbs cytosolic Ca activity. These responses could in turn trigger a variety of metabolic changes in salinized cells (2, 11) that might have adaptive significance for stress resistance.
